Introduction
The properties of perovskite oxides with the general formula of ABO 3 can vary over a wide range depending on A and B, as the cubic perovskite lattice is a rather rugged host for a variety of mixed transition metal oxides. Substituted perovskite can generally be described by the formula A 1-x A ' x B 1-y B ' y O 3 . Extensive research has focused on several catalytic applications [1] [2] [3] [4] . Manganesecontaining perovskites have received great attention due to their high catalytic activity for destruction of common exhaust pollutants such as CO, hydrocarbons and nitrogen oxides [5] [6] [7] [8] [9] . La-based perovskites (La 1-x A ' x MnO 3 , A ' = Ca or Sr) also have shown electrocatalytic activity for oxygen reduction (very important in fuel cells) [10, 11] , the chlor-alkali electrolysis process and air batteries [10] [11] [12] [13] . Therefore, synthesis of homogenous nanocrystalline La 1-x A ' x MnO 3 (A ' = Ca or Sr) with high surface area and powders without any impurity phase is very important. Perovskites usually possess a very low specific surface area (SSA), generally <2 m 2 g -1 ; consequently the low specific catalytic activity greatly limits practical application [14, 15] . Increasing the SSA requires lowering the calcination temperature, demanding that the precursor elements be uniformly dispersed at the molecular level to speed the solid-state reaction. Several syntheses have been developed based on this hypothesis: (1) spray-freezing/freeze-drying [16] , in which the minimum temperature and time necessary for obtaining a single perovskite phase are about 500˚C and 15 h, with the product SSA in the range 8-22 m 2 g -1 and requiring complicated equipment; (2) cyanide decomposition [17] giving SSA exceeding 30 m 2 g -1 (although cyanides are toxic); and (3) complexation with an organic ligand such as citrate in synthesizing LaCoO 3 or LaMnO 3 [18] . The minimum calcination temperature and time for obtaining a single perovskite phase are 700˚C and 4h, and product SSA can exceed 10 m 2 g -1 [19] . The focus of the present work was modification of the citrate gel precursor method for synthesis of La 0.6 Ca 0.4 MnO 3 perovskite to give a higher SSA. Precursor elements were more uniformly dispersed at the molecular level and the La 0.6 Ca 0.4 MnO 3 perovskite synthesized was characterized by several techniques. Its properties were compared with those of the oxide synthesized by the usual citrate gel precursor method.
Experimental Procedures

Synthesis of La-Ca-Mn-citrate precursor
La 0. 6 Ca 0. 4 MnO 3 powders were synthesized by the citrate gel precursor method [20] . For the preparation of the precursor solution, calcium nitrate (Merck), manganese nitrate (Merck), lanthanum nitrate (Aldrich), citric acid (Merck) and aqueous ammonia (Merck) were used. The metal nitrates were weighed according to the nominal La 0. 6 Ca 0. 4 MnO 3 composition and dissolved in deionized water. This solution was slowly dropped into a citric acid solution with a citric acid: total metal mole ratio of 1.2:1.0. The homogeneous solution obtained after mixing (pH≈1) was slowly evaporated on a water bath at 75-80˚C to a viscous gel. This gel was dried in an oven, slowly increasing the temperature to 120-130˚C and maintaining this temperature overnight to produce a solid amorphous citrate precursor. In some cases, the pH of the mixed solution was adjusted to 8-9 by adding aqueous ammonia. The dried gels obtained at pH 1 and 8-9 were labeled as P L and P H , respectively.
Preparation of La 0.6 Ca 0.4 MnO 3 powder
The La 0.6 Ca 0.4 MnO 3 was prepared by pyrolyzing the precursor in a furnace in air. The temperature was first slowly raised to 300˚C (5-10˚C min -1 ) and held for 30 minutes to decompose the organic components. It was then increased to various pre-set temperatures and held for a definite time to form the perovskite oxide.
Powder characterization
Thermogravimetry and differential thermal analysis
Thermogravimetry and differential thermal analysis (TG/ DTA) curves in air were simultaneously obtained using a Perkin-Elmer Diamond TG/DTA instrument. The sample and reference were placed in platinum crucibles, and α-Al 2 O 3 was the inert reference. The results were recorded from room temperature to 700˚C; the temperature was held at 700˚C for 2 h then increased to 900˚C, with a 5˚ C min -1 ramp in all steps.
IR spectroscopy
IR spectroscopy of pressed KBr pellets was carried out on a JASCO FTIR 680-Plus Spectrometer in the region 4000-400 cm −1 .
X-ray diffraction
Phase purity and crystallinity of the calcined samples were characterized by powder X-ray diffraction (Philips, X-pert) with CuKα radiation using a Ni filter (λ=0.15418 nm). The data were collected at 0.05˚ steps for 5 sec per step over 2θ from 20 to 80˚.
Scanning electron microscopy
The morphology of the calcined powder was observed by scanning electron microscopy (SEM) of gold-sputtered samples using a Philips XL30 ESEM microscope operating in high vacuum at 10 kV.
Specific surface area measurements
Specific surface area (SSA) was measured by BrunauerEmmett-Teller (BET) nitrogen adsorption-desorption [21] using a Chembet 3000.
Results and Discussion
There are four main factors affecting the formation of the gel as well as the calcined powder crystallinity and morphology. These are: mole ratio of citric acid to total metal cations content (Z=citric acid/ (La+Ca+Mn)), precursor solution pH, calcination temperature, and time.
The amount of citric acid used is important in precursor homogeneity. To prevent precipitation during dehydration and to maintain metal ion homogeneity on a molecular scale, the citric acid to metal ion molar ratio of should be sufficient [22] . Therefore, the effect of this ratio was investigated. Maintaining the metal ions in homogeneous solution during drying with Z<1.1 was difficult; insufficient citric acid can cause precipitation. When Z=1.1 no visible precipitation was observed during dehydration. For Z>2, large amounts of white crystals appeared, probably due to crystallization of excess citric acid. A homogeneous and transparent sol and gel can be produced with Z in the range of 1.1-2.0.
Thermogravimetric and differential thermal analysis
Fig . 1a shows the thermogravimetric (TG) and differential thermal analysis (DTA) curves of the dried high pH citrate gel (P H ) used to estimate the calcination temperature. The TG curve shows weight loss in several steps, indicating that thermal decomposition occurred gradually. The first small weight loss of 6.6% below 180˚C is mostly due to dehydration and evaporation of volatile organic components. In the range of 180-300˚C the three successive exothermic peaks at 248.25, 269.18 and 275.79˚C, accompanied by a three-step weight loss of 48.4%, are assigned to decomposition of the citrate complex. The weight loss of about 25.0% in the range 300-410˚C is probably due to combustion of the remaining organic species, corresponding to the largest DTA exotherm at 373.56˚C. A very small weight loss which corresponds to a small DTA endotherm in the range of 410-550˚C was detected. It could be due to carbonate decomposition and perovskite formation [23] .
No weight loss appeared thereafter. For comparison, TG/DTA curves of the dried low pH citrate gel (P L ) are shown in Fig. 1b . Thermal decomposition varies with pH, and the final weight loss temperature for P L is about 200˚C higher than for P H . These results reveal that at high pH uniformity at the molecular scale is improved; hence La 0.6 Ca 0.4 MnO 3 can be obtained at a lower calcination temperature by decomposing an amorphous complex of La-Ca-Mncitrate. 
IR spectroscopy
The crystalline structure of the rare earth manganites is known to be of the distorted GdFeO 3 -type structure in which a central Mn atom is octahedrally surrounded by six oxygen ions. The MnO 6 has nearly-ideal octahedral symmetry with six vibrational modes, but only two are IR active [24] . The band around 600 cm -1 corresponds to the stretching mode (ν s ) of Mn-O-Mn or Mn-O bonds [25] [26] [27] , while the bending mode (ν b ) around 400 cm -1 is due to changes in the Mn-O-Mn bond angle. Fig. 2 shows the IR spectra of the dried citrate gels P L and P H . For the dried gel P L , the precursor gave somewhat complicated spectra. The absorption bands at 3400, 1600, 1410, 1385, 1270, and 1080 indicate the presence of citrate precursor. The very broad band at 3400 corresponds to a water stretch. Two strong bands at 1410 and 1600 cm -1 were assigned to the ionized carboxylate symmetric and asymmetric C-O stretching, though the latter band was superposed with a sharp 1385 cm -1 nitrate band. This means that the citric acid carboxyl hydrogens were replaced by metal cations to form a citrate complex. The IR spectra of the dried gel P H and its calcination products are depicted in Fig. 3 . In P H the widened band at 1410 cm -1 indicates that metal cations are completely complexed by citric acid. When calcination temperature was increased to 400˚C the characteristic peak of complexed COO -almost disappeared with a concomitant appearance of carbonate absorption at 860, 1060 and 1460 cm -1 . As the dried gel was calcined above 450˚C the 1460 cm -1 absorption peak decreased indicating carbonate decomposition, supported by the TG weight loss in the range of 410-550˚C. The wide 590 cm -1 absorption band of the gel calcined at 550˚C suggests perovskite formation.
X-ray diffraction
Calcination temperature
Powder pre-calcined from the dried citrate gel P H at 300˚C was further calcined at temperatures from 450 to 650˚C for 2 h. Fig. 4 shows the XRD patterns at different stages of the heat treatment. The La 0.6 Ca 0.4 MnO 3 crystallinity strongly depends on calcination temperature. After calcination at 450˚C for 2 hours the XRD pattern showed no peaks, indicating that the sample was still amorphous. In contrast, when the precursor was calcined at 520˚C for 2 hours several sharp peaks were observed, attributed to the perovskite La 0.6 Ca 0.4 MnO 3 by comparison with standard XRD spectra. Thus, La 0.6 Ca 0.4 MnO 3 with a perovskite structure can be synthesized at 520˚C. There have been few reports of lower crystallization temperatures for the synthesis of such oxides. As also shown in Fig. 4 , the perovskite peak grew stronger and sharper as the calcination temperature increased from 520 to 650˚C, indicating that the La 0.6 Ca 0.4 MnO 3 crystallinity improves with higher calcination temperature. Fig. 5 shows the XRD patterns of the calcined powders derived from the precursor solutions with different pH values. The powders were calcined at 700˚C for 2 h. Single phase La 0.6 Ca 0.4 MnO 3 and unreacted materials co-existed when pH was 1. For high pH values (8-9) pure perovskite phase was obtained, suggesting incomplete metal complexation at low pH, probably due to incomplete citric acid dissociation.
Calcination time
Calcination time influences La 0.6 Ca 0.4 MnO 3 crystallization. As shown in Fig. 6 , the XRD spectra of the powder calcined at 520˚C for 1 h exhibited not only La 0.6 Ca 0.4 MnO 3 diffraction peaks, but also some tiny peaks due to intermediates. They disappeared with the increase of calcination time to 2 h. The perovskite peak became only slightly sharper and stronger as the calcination increased from 2 to 6 h.
The average crystal size can be determined from the XRD pattern parameters according to Scherrer's formula (D=0.89λ/Bcosθ), after Warren , s correction for instrumental broadening [28] . D is the particle diameter, λ is the wavelength (for Cu Kα, λ=1.5418 Å) and B= (B M 2 −B S 2 ) 1/2 (B M is the full width at half-maximum for the sample and B S is that for a standard quartz). The results (Table 1) show calcination temperature is much more significant than calcination time.
Scanning electron microscopy
Scanning electron microscopy (SEM) of perovskite oxides prepared by the modified citrate gel method and calcined at various temperatures (520, 650 and 750˚C for 2 h) are shown in Fig. 7 , and the particle sizes are in Table 1 . Based on the SEM images, wellcrystallized powders are synthesized with homogeneous morphology. The particles display regular shape with a narrow size distribution. The majority of the particles were distributed in the ranges 20-50, 60-100 or 80-120 nm for samples calcined at 520, 650 or 750˚C, respectively. Table 1 shows that the mean particle sizes obtained by SEM (D SEM ) are larger than those obtained by XRD peak broadening (D XRD ). Using these results it is possible to calculate the mean agglomeration degree (particle size/crystal size) for each sample. As can be seen in Table 1 the ratio of D SEM /D XRD becomes larger with increase of calcination temperature (2-2.6 for 520 and 550˚C and 3.6 at 750˚C). These results show that higher calcination temperature leads to formation of larger particles and their agglomeration.
The dependence of the average particle size on the heat-treatment time was also investigated ( Table 1 ). The heat treatment time did not have a substantial effect. For example, samples calcined at 520˚C for 1 and 2 h had similar particle size and even increasing the time to 6 h did not cause a large difference. Table 2 shows the effects of calcination temperature and time on the specific surface areas (SSA). The specific surface area strongly decreased when calcination temperature increased from 520 to 750°C and it became smaller with increased calcination time. The larger the crystals the smaller the specific surface area is. On the basis of these observations, we are able to estimate from geometrical relationships (D BET = 6/ (ρ×S BET ), where ρ is the theoretical density of La 0.6 Ca 0.4 MnO 3 , based on Chen's study [29] ) the particle size of the materials from the S BET values, also presented in Table 1 . The SSA of the powder from the modified citrate gel calcined at 520˚C was 40.7m 2 g -1 , about 4-fold larger than that of the powder from the usual citrate gel.
BET specific surface area measurements
Conclusions
In this study La 0.6 Ca 0.4 MnO 3 powders were synthesized using the usual and modified citrate precursor methods. The effects of experimental variables on the formation of homogenous nano-sized powder with a pure perovskite structure were investigated using TG/DTA, IR, XRD, SEM, and BET. By using a modified citrate precursor method the calcination temperature can be reduced significantly, suggesting that La, Ca, and Mn were more uniformly dispersed in the La 0.6 Ca 0.4 MnO 3 . The minimum temperature and time to obtain a single perovskite phase were 520˚C (<700˚C for the usual citrate method) and 2 h (<4 h for the usual citrate method). The La 0.6 Ca 0.4 MnO 3 powder specific surface area was 40.7 m 2 g -1 , about 4-fold larger than that of the powder obtained from the usual citrate method. 
